observed, all components of the fitness genetic variance initially increasing with the inbreeding coefficient F and subsequently decreasing to zero (D) or to an equilibrium value (MSD). In the D scenario, epistasis had no appreciable effect on inbreeding depression and that on the temporal change of variance components was only relevant for high rates of strong epistatic mutation. In parallel, between-line differentiation in mean fitness accelerated with F and that in additive variance reached a maximum at F~ 0.6-0.7, both processes being intensified by strong epistasis. In the MSD scenario, however, the increase in additive variance was smaller, as it was used by selection to purge inbreeding depression (N ≥ 10), and selection prevented between-line differentiation. Epistasis, either synergistic or antagonistic (this leading to multiple adaptive peaks), had no appreciable effect on MSD results nor, therefore, on the evolutionary rate of fitness change.
INTRODUCTION
The roles of genetic drift and natural selection in shaping the genetic variation of fitness due to segregation at epistatic loci have often been discussed since WRIGHT'S (1931) pioneering treatment of the subject. In general, the pertinent analyses have been usually elaborated within an analytical framework where changes in the mean and the components of the genetic variance exclusively due to drift were first considered, this being followed by an examination of the conditions which may subsequently allow for a more rapid selection response and/or facilitate the movement of populations to new adaptive peaks.
Theoretically, it is well known that the contribution of neutral additive loci to the additive genetic variance of metric traits in populations decreases linearly as the inbreeding coefficient F increases, until it ultimately vanishes when fixation is attained (WRIGHT 1951) . For neutral non-additive loci, however, that contribution may initially increase until a critical F value is reached, then subsequently declining to zero. This is the case of simple dominant loci (ROBERTSON 1952, WILLS and ORR 1993) , and it also applies to two-locus models showing either additive × additive epistasis (GOODNIGHT 1988, COCKERHAM and TACHIDA 1988) or more complex epistasis involving dominance at the single locus level (CHEVERUD and ROUTMAN 1996; GOODNIGHT 2000; LÓPEZ FANJUL et al. 1999 , 2000 . Furthermore, those models have been extended to cover multiple additive × additive epistatic systems TURELLI 2004, LÓPEZ-FANJUL et al. 2006 ).
In parallel, laboratory experiments have also studied the impact of population bottlenecks on the additive variance of metric traits (see reviews by LÓPEZ-FANJUL et al. 2003 and VAN BUSKIRK and WILLI 2006) . For morphological traits not strongly correlated with fitness, a decrease in their additive variance together with little or no inbreeding depression was often observed, both results being compatible with the corresponding additive expectations and suggesting that the standing variation of those traits is mainly controlled by quasi-neutral additive alleles. Using typical estimates of mutational parameters, ZHANG et al. (2004) showed that these experimental results can be explained by assuming a model of pleiotropic and real stabilizing selection acting on the pertinent trait. On the other hand, life-history traits closely connected to fitness usually show strong inbreeding depression and a dramatic increase in additive variance after a brief period of inbreeding or bottlenecking, indicating that much of that variance 4 should be due to deleterious recessive alleles segregating at low frequencies. However, it should be kept in mind that experimental results cannot discern between simple dominance and dominance with additional epistasis as causes of inbreeding-induced changes in the additive variance.
In their discussion of the shifting-balance theory (WRIGHT 1931) , Wade and Goodnight emphasized the evolutionary importance of the "conversion" of epistatic variance into additive variance, proposing that drift-induced excesses in the additive variance for fitness available to selection could enhance the potential for local adaptation, a phenomenon that was not discussed in the original formulation of Wright´s theory (WADE and GOODNIGHT 1998; GOODNIGHT and WADE 2000 , but see COYNE et al. 1997 , 2000 . However, the additive variance is only inflated under restrictive conditions which often involve low frequency deleterious recessive alleles (ROBERTSON 1952 , LÓPEZ-FANJUL et al. 2002 , so that a drift-induced excess in the additive variance of fitness will be associated to inbreeding depression and, therefore, it is unlikely to produce a net increase in the adaptive potential of populations. In addition, previous considerations were based on the theoretical analysis of the behaviour of neutral genetic variation after bottlenecks, and the role of selection acting on epistatic systems controlling fitness has not been studied.
In this paper we used analytical and simulation methods to investigate the contribution of epistatic systems to the change in the mean and the genetic components of variance of fitness during bottlenecking, due to the joint action of mutation, natural selection and genetic drift (MSD). To develop a biologically reasonable model, we assumed that mutations show a distribution of homozygous and heterozygous effects close to those experimentally observed in Drosophila melanogaster, and we imposed different types of epistasis on this basic system. The pattern and strength of epistatic effects on fitness is largely unknown, but synergism between homozygous deleterious mutations at different loci has often been reported in Drosophila mutation accumulation experiments (MUKAI 1969; ÁVILA et al. 2006) . Therefore, we studied the consequences of synergistic epistasis in pairs of loci by increasing the deleterious effect of the double homozygote above that expected from the deleterious effects of the homozygotes at both loci involved. However, to explore the consequences of bottlenecking in a multiple-peak adaptive surface, we also considered cases of antagonistic epistasis where, at each pair of loci, the fitness of the double homozygote for the deleterious alleles was larger than expected. Of course, other epistatic models could also be 5 considered, including those showing higher order interaction effects, but the severe shortage of relevant empirical data makes the choice highly subjective and, consequently, we restricted our analysis to the simplest case. On the other hand, our procedure has the practical advantage of allowing the definition of epistasis by the addition of a single parameter to those describing the properties of individual loci.
Our aim was to describe and analyze drift-induced changes in the components of the genetic variance of fitness, where neutral predictions will only be reliable during extreme and brief bottlenecks. For moderate bottleneck sizes or long-term inbreeding, it becomes necessary to consider the concurrent effects of natural selection both on the standing variation and on that arisen by new mutation. Moreover, the nature of the genetic variability of fitness in the base population, arisen by mutation and shaped by natural selection and drift, is critical for the assessment of the consequences of subsequent bottlenecks. For non-epistatic models, the genetic properties of the trait can be theoretically inferred from the pertinent mutational parameters and effective population sizes by assuming a balance between mutation, selection and drift. This can be numerically achieved using diffusion theory, and reliable approximations can be easily calculated by analytical methods (GARCÍA-DORADO 2007) . Notwithstanding, the analytical study of the contribution of epistasis to the genetic properties of fitness at the MSD balance becomes particularly difficult and it must be complemented with computer simulation.
MODEL AND METHODS

The neutral model:
We consider an extension of the model developed by LÓPEZ-FANJUL et al. (2002) , with two neutral independent diallelic loci (i = 1,2) at Hardy-Weinberg equilibrium segregating with frequencies p i and q i (= 1 − p i ).
Genotypic values are given in Table 1 using the standard notation for fitness models, although the following analysis is only concerned with neutral predictions. At the i-th locus, the homozygous effect is s i and the degree of dominance in the absence of epistasis is h i (h i equal to 0, 0.5 or 1 for complete recessive, additive, or complete dominance gene action, respectively). This basic gene action can be viewed as that shown by single loci segregating against a fixed genetic background. Epistasis has been imposed on that basic system and it is represented by a factor k affecting the genotypic value of the double homozygote for the allele decreasing the metric trait at each locus (k In an infinitely large panmictic population (base population), the mean (ancestral mean M) and the components of the genetic variance (additive, V A , dominance, V D , and epistatic, V I , ancestral components of variance) for the two-loci system considered are given by
Thus, the epistatic component of variance V I is independent of the degree of dominance of the loci involved.
Assume now that a number of replicates of size N are drawn at random from the base population, the N individuals in each replicate mating in panmixia to produce a large sample of offspring in which Hardy-Weinberg equilibrium is restored (ignoring transient linkage disequilibrium Due to sampling, there will also be variance in α i and δ i among replicated bottleneck lines at a given generation (descriptive of the spatial variation in a metapopulation structure), and taking variances in equations (1) and (2) give
Thus, spatial changes in δ i will only occur in the presence of epistasis (c From equations (5) and (6), the derived additive and dominance components of variance after t bottlenecks can be expressed as
where H i is the heterozygosity at the i-th locus (= 2p i q i ). Taking expectations in equation (4), the change in mean after t bottlenecks is given by 
The simulation model:
We used simulation to study the consequences of mutation and selection in the bottleneck process described above. The trait studied was fitness, which is usually assigned to causes acting multiplicatively so that the trait value is always positive. Therefore, we simulated the variation in fitness due to segregation at several independent pairs of loci in a multiplicative way. Genotypic values for a pair of loci are given in Table 1 , and those for individuals were obtained as the product of the corresponding contributions from each pair of loci involved. This ensures that, in the absence of epistasis (k = 1), relative deleterious effects at each locus are independent of the genetic background. For each base population or bottlenecked line, the contribution of each pair of loci to the within-line V A , V D and V I variance components were computed from expressions (5-7), and these were added up for all pairs of loci involved.
Therefore, under neutrality (D scenario, see below), estimates from simulation data, computed in the real scale, were directly comparable to their corresponding analytical predictions. However, due to the multiplicative model used in the simulations, the temporal decay in mean fitness was smaller than that corresponding to the non multiplicative model, and the between-line variance for fitness became dependent on the fitness average. Mean fitness from simulation results are given in the real scale, since this provides a more intuitive picture for which satisfactory predictions can be obtained under the multiplicative model (GARCÍA-DORADO 2008) . Nevertheless, regarding the between-line variance, a logarithmic transformation was used to smooth the comparison between simulation and analytical results, i. e., simulation estimates were computed from log-transformed fitness values, and the corresponding predictions were calculated using mutational effects for log-scaled fitness, where detrimental effects are larger than those corresponding to the real scale, particularly in the case of severely deleterious alleles. Thus, for the i-th neutral locus, predictions for the between-line variance were obtained using
Base population and mutational parameters: Individual-based simulations were used to obtain a base population under mutation-selection-drift balance (MSD), by allowing the occurrence of non-recurrent mutations in a population of 10 3 individuals during 10 4 generations. Potential parents for each individual were sampled with replacement from the corresponding parental population with a probability proportional to the parents´ fitnesses. Thus, a parent was chosen if a random number was lower than its individual fitness, and disregarded otherwise.
TABLE 2 AND FIGURE 1 HERE
Mutations were assumed to occur at a rate λ per haploid genome and generation, and their homozygous effects were sampled from a gamma distribution f(s) with shape parameter β and mean effect ] [s E . Three different models covering a wide range of parameters (first four columns in Table 2 and Figure 1 ) were used in the simulations.
Model I assumed few mutations of large average effect. Model III considered a tenfold mutation rate and accounted for about the same rate of severely deleterious mutations (say those with s > 0.3), but it also allowed for a higher rate of mutations with tiny to moderate effect (say those with s < 0.3), so that the average deleterious effect was much smaller. Model II represented an intermediate situation, similar to model I regarding the rate of moderate to severe deleterious mutation, but accounting for a larger rate of tiny to mild deleterious mutations. The shape parameters of the gamma distributions were chosen such that the mutational variance for each model was 0.002, a value roughly close to that experimentally observed for fitness in Drosophila melanogaster (GARCÍA-DORADO et al. 1999 . The dominance coefficient of mutations, h, was obtained from a uniform distribution ranging between 0 and exp(−Ks). This model also has experimental support KEIGHTLEY 1994, GARCÍA-DORADO and CABALLERO 2000) , and a value of K = 7.5 was used in all cases in order to maintain constant the relationship between ] [h E and s, as suggested by GARCÍA-DORADO (2003) .
The total number of loci available for mutation (fifth column in Table 2 ) was set up to allow a proportion of segregating loci in the base population which was around 70-80% for each model (sixth column in Table 2 ), so that new mutations could always be assigned to non-segregating sites as in a non-recurrent model, and about 55-60% of those loci were segregating in pairs (seventh column in Table 2 ). If a mutation got fixed, its effect in homozygosis was accumulated to the basal fitness and the corresponding locus was made available for new mutation in order to economize computational resources. For each combination of mutational models and epistatic effects we obtained a set of 50 base populations (replicates).
Scenarios were run: i) without epistasis (k = 1); ii) with synergistic epistasis (k = 2 or 4), i.e., in the theoretical model the deleterious effect of the double homozygote was 2-fold or 4-fold that without epistasis; or iii) with antagonistic epistasis (k = 0 or 0.5),
i.e., the double homozygote did not show a deleterious effect or this was half that without epistasis, respectively. Note that the case k = 0 produces a fitness surface with two equal adaptive peaks, corresponding to the fixation of the wild or the mutant alleles at both loci. Moreover, for the particular case where both loci had the same (s, h) values, k < h always produces a fitness surface with two adaptive peaks. After evaluation, a set of N parents were chosen at random in the D scenario or, as explained above, checked for survival in the MSD scenario. These parents were randomly paired, and 100 offspring were used to estimate the new mean and variance components. This process was repeated during 100 generations and was replicated 1000 times for each base population. Different bottleneck sizes of N = 2, 10 and 50 individuals were considered for each mutational model.
RESULTS
The Base Populations
In the base populations, the allele frequency distributions were "L"-shaped and, as expected, their medians and variances were both inversely related to the average strength of selection (i. e., they increased from model I to III, Figure 2 ). Within models, different k values did not result in appreciable differences between those distributions and only results for the non-epistatic case (k = 1) are shown in the Figure. ), and using a sequential Bonferroni test, the only D value significantly different from zero was negative, as expected from the action of natural selection since it corresponded to k > 1. To study the consequences of selection in a deterministic model, the Z measure of disequilibrium can be more informative since, for deleterious allele frequencies approaching zero, it remains at its quasi-equilibrium value (Z = 1, Z < 1 or Z > 1 for a non-epistatic, synergistic or antagonistic multiplicative fitness model, respectively).
However, random fluctuation in gametic frequencies from mutation and drift will increase the average Z value over its deterministic expectation. On the other hand, linkage disequilibrium can be underestimated, since Z cannot be computed in the absence of a repulsion gamete, and a logarithmic transformation will be of no use in this case. In agreement with this, the Z values reported in Table 3 had large standard errors (ranging from 0.02 to 0.25) and oscillated erratically around 1 (overall Z equal to 1.03).
Only two Z values significantly departed from 1 after using a sequential Bonferroni test, but they did so in the opposite direction to that expected from the action of natural selection, evidencing that random processes and sampling bias were more important than natural selection in determining the Z values.
TABLE 4 HERE
The consequences of bottlenecking: synergistic versus non epistatic systems
Estimates of the additive variance, averaged over replicates, are shown in Table 4 The decay in mean fitness after t successive bottlenecks (up to 100) of size N (2, 10 or 50) is shown in Figure 3 for the three mutational models, the two scenarios and the different types of gene action. In the D scenario, simulation results fitted very precisely the analytical neutral predictions, as shown in Table 5 where only values for model I and N = 50 are given. The decay was larger for model III, characterised by the highest rate of mildly deleterious mutations, and it was practically unaffected by epistasis. In the MSD scenario, the decay was even less affected by epistasis, so that, as shown in Figure 3 , it reasonably agreed with the analytical predictions for the MSD non-epistatic case (GARCÍA-DORADO 2008) . For N=2, these predictions were slightly above the true mean in the long-term, due to the bias introduced by assuming additive gene action in the prediction of the deleterious fixation rate at the new MSD balance. In some cases, Figure 3 shows a slight fitness rebound after an initial inbreeding depression. This can be attributed to an increase in the purging coefficient relative to the locus mean fitness for a few loci with severely deleterious alleles (models I and II), and cannot be accounted for by García-Dorado's approach, which approximates the relative purging coefficient by its non-relative value. The rebound was only appreciable for N = 10 as, in this case, the purge is relatively efficient but the per-locus mean is still affected by a relevant initial depression. For N ≥ 10, the MSD decline (both predicted and simulated) was much smaller than that obtained in the D scenario, an outcome that must be ascribed to natural selection (partially) purging recessive deleterious alleles. For N = 2, however, selection was quite inefficient, implying early fitness declines almost as large as those obtained in the D scenario, and substantial later declines from new deleterious mutation. In all instances, the additive, dominance and epistatic components of the genetic variance behaved in a similar manner, initially increasing with F up to a maximum value and subsequently declining to zero in the D scenario or to an equilibrium value in the MSD scenario, where continued mutation prevented the final exhaustion of those variance components (in the case of the epistatic variance, the equilibrium value was so small that it cannot be appreciated in Figure 4 ). In the MSD scenario, selection eroded This departure consisted of an increase in the pertinent variance value that, in the MSD scenario, became negligible for N ≥ 10, particularly in the case of the additive component.
FIGURE 5 HERE Table 5 shows that the value of the between-line variance V B observed in the D scenario for the log-scaled trait was in good agreement with the corresponding neutral predictions computed from appropriately transformed effects (see Material and Methods). The evolution of the between-line differentiation after bottlenecks (log-scaled), plotted against F, is shown in Figure 5 for N = 10. As expected from theory, the increase in the between-line variance in the D scenario accelerated with inbreeding, at a rate that was larger for epistatic systems than for simple dominants, particularly for model III and strong epistasis. On the contrary, the increase in V B in the MSD scenario was very small and for models I and II, where most deleterious mutations had important effects that are efficiently selected against, the corresponding plot visually overlaps with the abscissa-axis in Figure 5 . Summarizing, uniform purifying selection impeded differentiation among the lines for all k values, despite the continuous input of new non recurrent mutations. increased until a F value around 0.6-0.7 was reached and subsequently declined to zero, the excess for strong synergistic epistasis being much larger than those for moderate epistasis or simple dominance. In the MSD scenario, however, the transient increase in V(V A ) for strong epistasis was much smaller and it was practically negligible in the remaining cases.
The consequences of bottlenecking: antagonistic versus non epistatic systems
Given the qualitative agreement between the results obtained from the three mutational models reported above, only the intermediate model II was explored for the effects of antagonistic epistasis (k = 0 or 0.5) and, as the results for the two k values considered were very similar, only those for k = 0 will be given. The evolution of the overall mean, the additive variance and the between-line variance after bottlenecks is presented in Figure 7 , both for the epistatic (k = 0) and the non-epistatic case (k = 1). In the D scenario, the behaviour of the above parameters was very close for those k values and also for synergistic epistasis (k = 2), although the mean fitness depression with antagonistic (synergistic) epistasis was slightly smaller (larger) than that in the absence of epistasis, and the opposite was observed for the increases in the components of the genetic variance and the between-line variance. In the MSD scenario, the discrepancies between the results obtained with (k = 0) or without epistasis (k = 1) were even smaller than in the D scenario. Thus, in practice, the efficiency of natural selection to promote new favourable epistatic combinations was not enhanced by bottlenecking.
Furthermore, selection prevented between-line differentiation irrespective of the presence of epistasis. Therefore, the antagonistic epistasis systems studied did not qualitatively modify the evolutionary pattern for synergistic epistasis described above, in spite of the two-peak adaptive surface produced by the former system.
FIGURE 7 HERE DISCUSSION
The genetic model: Computer simulations were carried out to produce a biologically plausible representation of the genetic variation for fitness in a population at the MSD balance (base population) with or without epistasis. To do that, we used three different models to describe the deleterious properties of spontaneous mutation covering the typical range of empirical estimates (GARCÍA- DORADO et al. 1999 DORADO et al. , 2004 ).
Thus, all models accounted for similar inputs of mutational variance and mutation rates for moderate to severe deleterious effects, and they also assumed the same negative exponential relationship between the expected degree of dominance and the homozygous deleterious effect, but they differed in the mutation rates for tiny to mild deleterious effects.
Epistasis embraces a huge variety of types but reports of significant epistatic effects on metric traits usually come from crosses between highly divergent lines, these results being scarcely relevant to the description of the genetic architecture of outbred populations. For morphological traits, epistasis may be ascribed to interactions between the average effects of quasi-additive loci, which will mainly contribute to the additive × additive epistatic component of variance. For fitness, however, epistasis is generally assumed to be pervasive, although the type and magnitude of the interactions between the non-additive genes involved have been poorly explored (see reviews by KEIGHTLEY 2002 and CARLBORG and HALEY 2004) . Notwithstanding, synergism between the deleterious effects of homozygous mutations at different loci has often been reported in Drosophila melanogaster (MUKAI 1969 , WHITLOCK and BOUGUET 2000 , AVILA et al. 2006 and Saccharomyces cerevisiae (DICKINSON 2008) . Furthermore, a recent analysis suggests that the average degree of epistasis for fitness correlates to genomic complexity, interactions tending to be antagonistic in unicellular eukaryotes and synergistic in higher eukaryotes (SANJUÁN and ELENA 2006) . Thus, of the countless ways in which epistasis for fitness could be modelled we chose a simple one where, for each pair of loci, the genotypic effect of the double homozygote for the alleles which decrease fitness was increased (synergistic epistasis) or diminished (antagonistic epistasis), therefore contributing to all possible epistatic components of variance (additive × additive, additive × dominant and dominant × dominant). Of course, higher order interactions could also be considered but they will not be prevalent, as blocks composed of large numbers of epistatic loci are unlikely to segregate at the MSD balance. Even in our case, where the genome consisted of pairs of epistatic loci, only about half of the segregating loci at the base population showed epistasis (Table 2) .
Notwithstanding, a substantial proportion of the genome still remains involved in epistatic interactions, thus providing conservative results with respect to the impact of epistasis on the change of the mean and the genetic variance after consecutive bottlenecks.
The genetic variation of fitness at the base population described above was subsequently exposed to the joint action of continued mutation, selection and drift , the main factor limiting the segregation load was the deleterious mutation rate, rather than the form of the distribution of deleterious effects or the type of gene action. Thus, for those mutational models, natural selection was the main force shaping the genetic architecture of fitness in populations of effective size 10 3 or above. For model III, however, with a larger rate of slightly deleterious mutations, the load from deleterious fixation was appreciable, although small, and the segregating load was somewhat smaller than its deterministic prediction, indicating that the role of genetic drift in determining the genetic architecture of fitness was a mild one. In addition, the population mean fitness was virtually unaffected by epistasis. This is to be expected, due to the scarce influence of epistasis on the ancestral fitness additive variance, as will be discussed below.
With loose linkage, Fisher's theorem of natural selection will hold at the quasilinkage equilibrium even in the presence of epistasis, because the fitness change due to natural selection acting upon the additive × additive component of the epistatic variance will be compensated by that caused by the erosion of linkage disequilibrium through recombination (CROW and KIMURA 1970, p. 217) . Therefore, the rate of fitness change will be equal to the genic variance for fitness, which includes the effects of gametic disequilibrium (KIMURA 1965) . Strictly, these considerations apply to large populations where the evolution of gene frequencies is driven by natural selection and the consequences of new mutation are disregarded. Our results show that, in populations at the MSD balance, the epistatic component of the genetic variance for fitness was negligible, so that the gametic disequilibrium induced by epistasis between unlinked deleterious mutations is expected to be irrelevant. In fact, when linkage disequilibrium was computed as Z (the parameter to which the quasi-equilibrium predictions refer), the values obtained were more affected by new mutation and drift than by selection acting on epistatic effects. In addition, we carried out some simulations where, after running the base population, all loci were randomized before bottlenecking to eliminate gametic disequilibrium, but we found no change in the results.
Epistasis did not appreciably constrain the frequency distribution or the number of segregating deleterious alleles. This is due to those frequencies being very low at the MSD balance, making very unlikely that pertinent mutations in each pair of loci will be present in the same individual and, therefore, their epistatic effect will not be expressed.
As a consequence, the magnitude of the additive variance was also practically independent of epistasis. It should be noted that this additive variance is that corresponding to a panmictic population at linkage equilibrium, obtained by adding up the theoretical contributions of all pairs of loci computed from equations (1) and (5).
Nevertheless, since linkage disequilibrium became irrelevant, this additive variance should be practically equal both to the genic variance for fitness and to the rate of fitness increase from natural selection. In general, the situation was characterized by a small genetic variance with a relatively important additive component, a description that might seem inconsistent with most of the genetic variance being due to the segregation of deleterious (partially) recessive mutations at low frequencies, which will mostly contribute to the dominance variance. However, this result is in qualitative agreement both with the empirical observations and the theoretical expectations. The reason is that, at the MSD balance, the frequency distribution of alleles with different deleterious effects and dominance coefficients is spread by drift, so that those loci generating the smallest V A /V G ratios (those segregating for rare severely deleterious alleles with important recessive action) will make a minor contribution to the overall fitness genetic variance, as discussed by HILL et al. (2008) .
Temporal changes after continued bottlenecking:
Changes in mean fitness: In the D scenario, a dramatic decay in mean fitness was observed for the three mutational models, but the effect of epistasis was very slight unless epistasis was strong (k = 4) and the rate of tiny to mild deleterious mutation was high (model III). On the contrary, in the MSD scenario, substantial inbreeding depression was only attained after extreme bottlenecks, which also produced an additional decline in mean from the accumulation of new deleterious mutations that became important in the long-term. On the whole, the simulation showed that the selective purge of partially or totally recessive deleterious alleles due to their increased effect during inbreeding was very efficient, excepting the case of extreme bottlenecks. It also showed that the synergistic effects of epistatic deleterious alleles segregating in the base population would scarcely contribute to depression even in the absence of selection. In all cases where natural selection efficiently purged inbreeding depression it also removed any further decline in mean due to synergy. However, in the case of antagonistic epistasis, selection was unable to promote the transition to the alternative adaptive peak corresponding to fixation of the initially deleterious mutations at the loci involved.
Changes in the components of the within-line genetic variance: In both
scenarios, all components of the genetic variance increased with F until a maximum value was reached, subsequently decreasing to zero (D scenario) or to a final equilibrium value (MSD scenario). Purging selection, however, eliminated a large fraction of the excess in variance components, and the remaining part of that excess was attained at lower F values. Only for extreme bottlenecks (N = 2) drift dominated over selection so that similar results were obtained in both scenarios. This is relevant to most experimental results which refer to lines that passed through one generation of a bottleneck of two individuals, where a considerable increase in the within-line additive variance together with a large inbreeding depression was detected for Drosophila melanogaster or Tribolium castaneum viability (see reviews by LÓPEZ-FANJUL et al. 2003 , ZHANG et al. 2004 and VAN BUSKIRK and WILLI 2006 . In Drosophila, that increase continued after three bottlenecks (up to F = 0.50) and was followed by a decrease after six bottlenecks (F = 0.73), also in agreement with theory (GARCÍA et al. 1994 ). However, from the evolutionary point of view, such extreme and continued bottlenecks are unlikely to be relevant. Our results illustrate that bottleneck-induced excesses in additive variance are associated with drastic inbreeding depression.
Therefore, after population expansion, natural selection acting upon such excesses will just remove the fraction of the inbreeding depression due to deleterious alleles still segregating at the population. Obviously, for traits that are not strongly related to fitness, no association between increased additive variance and inbreeding depression is expected. In this instance, any excess in additive variance after bottlenecking could be used by natural selection if the trait becomes adaptative, but it should be noted that such traits will not usually show the non-additive (dominance) gene action required to produce an excess in additive variance with inbreeding.
In the particular case of multiple neutral loci showing additive × additive epistasis at different levels, it has been analytically shown that an increase in the additive component of variance after bottlenecks is invariably associated with a parallel erosion of the epistatic components of variance as inbreeding progresses, starting from the reduction of that corresponding to the highest-order interaction and subsequently followed by the decrease of the lower-order components. This result, first obtained by GOODNIGHT (1988) for two-locus systems and later extended to multiple loci systems by BARTON and TURELLI (2004) and LÓPEZ-FANJUL et al. (2006) , suggested a "conversion" process where the additive variance inflates over time at the expense of a loss in non-additive variance. However, for neutral non-additive loci (with or without epistasis), it has been theoretically shown that an excess in additive variance after bottlenecks will not be generally compensated by a corresponding decrease in nonadditive variance (LÓPEZ-FANJUL et al. 2002; BARTON and TURELLI 2004) , excepting specific epistatic situations as those involving marginal overdominance (underdominance) for basic loci segregating at equilibrium (intermediate) frequencies.
In agreement with this prediction, our results clearly show that the values of all variance components were inflated after bottlenecks, both under drift alone and also when selection was acting.
On the whole, theoretical analyses indicate that dominance can be generally considered as the primary cause of an increase in the components of the additive variance after bottlenecks, this being merely modulated by epistasis (LÓPEZ-FANJUL et al. 2002; BARTON and TURELLI 2004) . Only for specific models involving high levels of multilocus interaction, the role of dominance was subordinated to that of epistasis (NACIRI-GRAVEN and GOUDET 2003) Furthermore, the value of the epistatic component of variance was always very small, about one order of magnitude below those of the additive or the dominant components in the case of strong epistasis and much lower for moderate epistasis.
The effect of the mutational model used was generally small unless the level of epistasis was strong. However, higher mutation rates and smaller average deleterious effects (model III) resulted in larger changes in the magnitude of the variance components after bottlenecks. After many bottlenecks, the values attained with dominance or moderate epistasis were quite similar and significant departures were only detected in those cases combining strong epistasis (k = 4), extreme bottlenecks (N=2) and the highest mutation rate for tiny to mild deleterious effects (model III).
Spatial changes after continued bottlenecking: At low levels of inbreeding, it has been shown that the behaviour of the between-line variance due to neutral loci is not greatly affected by their type of gene action (LÓPEZ-FANJUL et al. 2002; BARTON and TURELLI 2004) . For high levels of inbreeding, however, the between-line variance contributed by rare recessives will greatly exceed the additive expectation and this excess will be larger in the presence of epistasis. These theoretical predictions have also been substantiated by our simulations where, in the D scenario, between-line differentiation in mean fitness showed an accelerated increase with F which can be intensified (diminished) with the strength of synergistic (antagonistic) epistasis. In the MSD scenario, however, the between-line variance practically vanished for all types of gene action considered.
After bottlenecks, most of the spatial variation of the genetic variance generated The effect of epistasis on diversification in an adaptive surface was also considered. This was achieved by studying a model with antagonistic epistasis that determines two adaptive peaks of equal height, corresponding to the double homozygotes for the wild or the mutant allele at both loci, respectively. In this case, the increases in additive variance and between-line variance after bottlenecks were very small, unless extreme bottlenecking drastically reduced the effectiveness of selection.
Therefore, natural selection was unable to push the population to the new peak. Of course, a peak shift might occur if the population happens to drift towards the new peak during extreme bottlenecking, followed by an expansion allowing for efficient selection, but the probability of this case should be small. The situation may be different if combinations of new antagonistic mutations produce a new adaptive peak higher than the original one, as selection will be stronger in the neighbourhood of this peak.
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